The efficient production of nanoemulsions, with oil droplet sizes of less than 100 nm would facilitate the inclusion of oil soluble bioactive agents into a range of water based foods. Small droplet sizes lead to transparent emulsions so that product appearance is not altered by the addition of an oil phase. In this paper, we demonstrate that it is possible to create remarkably small transparent O/W nanoemulsions with average diameters as low as 40 nm from sunflower oil. This is achieved using ultrasound or high shear homogenization and a surfactant/co-surfactant/oil system that is well optimized. The minimum droplet size of 40 nm, was only obtained when both droplet deformability (surfactant design) and the applied shear (equipment geometry) were optimal. The time required to achieve the minimum droplet size was also clearly affected by the equipment configuration. Results at atmospheric pressure fitted an expected exponential relationship with the total energy density. However, we found that this relationship changes when an overpressure of up to 400 kPa is applied to the sonication vessel, leading to more efficient emulsion production. Oil stability is unaffected by the sonication process.
Introduction
Nanoemulsions are colloidal dispersions comprising two immiscible liquids, one of which is dispersed in the other, with droplet sizes between 20 and 200 nm [1, 2] . The small droplet size implies that nanoemulsions flow easily, can be optically transparent and have unique texture/rheological properties [3, 4] . Nanoemulsions are also attractive from a product stability point of view; their very small size enhances their physical stability [1, 2] . These properties make them highly attractive for cosmetic products and in the food industry [3, 5, 6] . Specifically, nanoemulsions offer the potential to deliver high concentrations of oil soluble nutraceuticals or bio-active food supplements into a range of water based foodstuffs. If the emulsion droplet size is below the detection limit of the human eye (around 50 nm) then the emulsion can appear translucent and so the visual quality of the product is unaffected [7] .
Typically, emulsions are prepared by physical shearing processes [8] [9] [10] . The ultimate size of a homogenized emulsion is determined by the balance between two opposing processes; droplet break-up and droplet re-coalescence [10] . The frequency of both processes is promoted by the intense shear that occurs within a high shear homogeniser such as the microfluidizer or ultrasonic transducer. Droplet break-up occurs when the applied shear is greater than the Laplace pressure of the emulsion. In the simple case of a low oil volume fraction and negligible continuous phase viscosity, Taylor predicts that the emulsion radius (r):
where γ is the interfacial tension, ηc is the continuous phase viscosity and  is the shear rate [10] [11] [12] .
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The surfactant plays a critical role in both droplet breakup and re-coalescence. The surfactant aids droplet break-up by lowering the interfacial tension which reduces the resistance to droplet deformation [10] . The most important role of the surfactant is to prevent the immediate re-coalescence of newly formed droplets by rapid adsorption to, and stabilization of, the newly formed interface. In this case having an excess of surfactant in the continuous phase capable of rapidly adsorbing to the interface is essential [10] . Invariably the requirements of both droplet break-up re-coalescence dictate that small molecule surfactants are the most suited to the formation of nanoemulsions (compared to macromolecular emulsifiers) because of their greater ability to rapidly adsorb to interfaces and their much lower dynamic interfacial tensions.
The efficiency of droplet break-up within a homogenizer is also controlled by the nature and intensity of the shear. In most homogenizers droplet break-up occurs as a result of turbulent flow [13] . Droplet break-up in turbulent flow occurs via the action of viscous or inertial stress on the emulsion droplet. Which of these stresses dominate depends on the size of the droplet relative to the smallest turbulent eddy. 1 The power density, (Pv, W/ml) the average energy dissipated per unit time and unit volume, is the main measure of the strength of the turbulence. The maximum sized droplet that can exist under a certain turbulent flow regime is given by Equation 2 [10] :
where C is a constant and c is the mass density of the emulsion.
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The average droplet diameter achieved is clearly a function of the intensity of shear as expressed through the power density (Pv), but will also depend upon the residence time within this shear field,  (s) [13] . Karbstein and Schubert [15] argued that this dependency between residence time and average size is due to uneven power density distribution in the dispersing zone. To account for this dependency, they introduced the concept of "energy density", which is the simple product of the power density and the residence time within the shear field,  (s):
This parameter may also be described as the energy input per unit volume, or the specific energy input, Ev, (J/ml) [15] [16] [17] [18] . The average droplet diameter can then be described by a simple exponential relationship [15] :
Arguably the most powerful homogenizer, the Microfluidizer TM has been the focus of much of the recent work on nanoemulsion formation [7, 13] . However, the Microfluidizer is very expensive and is prone to significant losses in efficiency due to high equipment wear rates. Ultrasonic homogenisers might prove a viable alternative to the Microfluidizer TM because they are easy to clean and are capable of achieving similar local power densities. In an ultrasonic system, physical shear is provided predominantly by the process of acoustic cavitation; the formation, growth and subsequent collapse of microbubbles caused by the pressure fluctuations of the acoustic wave. A collapse event causes extreme levels of highly localised turbulence -an implosion on a microscopic 5 scale. It is the accumulation of many thousands of these miniature implosions that forms the basis of ultrasonic homogenisation.
In a classical ultrasonic horn transducer, the cavitational bubble cloud and consequently the region of high intensity shear is focused in a small zone immediately adjacent to the transducer face. The spatial variation in the shear field can mean that power usage is relatively inefficient. This means that ultrasonic homogenization is currently only suitable for small batches [1, 15] . The performance of this process might be improved by increasing the homogeneity of the field as well as the average power density. In turn, these improvements may come from changes to equipment geometry [19, 20] or the use of higher amplitude sonotrodes [17] .
Another approach is the use of a constant amplitude sonotrode at system pressures in excess of the ambient value. It is well known that increasing the external pressure increases the cavitation threshold within an ultrasonic field and thus fewer bubbles form.
However, increasing the external pressure also increases the collapse pressure of cavitation bubbles [21] [22] [23] . This means that the collapse of the bubbles when cavitation occurs becomes stronger and more violent than when the pressure is at atmospheric conditions. As cavitation is the most important mechanism of power dissipation in a low frequency ultrasonic system, these changes in cavitational intensity can be related directly to changes in the power density.
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Work by Henglein and Gutierrez [24] indicated that at low sonication amplitudes, the effect of the cavitation threshold was dominant and both the chemical yield and sonoluminescence arising from an acoustic field decreased with increasing pressure.
Conversely, at higher amplitudes, the bubble collapse effects dominated and yields increased with increasing pressure. Similarly, Sauter et al. [25] find that low overpressures improve de-agglomeration of nanoparticles, whereas higher overpressures have a negative effect. Both Bondy and Sollner [23] and Behrend [18] observe an optimum in emulsification efficiency at an absolute pressure of around two atmospheres which can again be attributed to these competing effects.
The application of ultrasound to the creation of nanoemulsions has been considered in several works, however the droplet sizes achieved were generally above 200nm [26] [27] [28] [29] [30] .
Therefore in the present paper we re-examine the ability of ultrasonic homogenisers to produce nanoemulsions. Our approach is to enhance droplet formation by examining both terms in the Taylor Equation (Equation 1), surfactant and shear. On the surfactant side we examine how surfactant synergy can aid droplet deformation. On the shear size we examine how equipment geometry can be improved and whether the specific energy input of the sonifier can be enhanced through overpressure. Finally, we confirm through High Performance Liquid Chromatography (HPLC) that the structure of the triglyceride oil is not damaged through the use of such intensive shear. Overall the goal is to enhance ultrasonic homogenization to the point where it is capable of producing true nanoemulsions.
Materials and Methods
Unless noted otherwise, emulsions were prepared with 5.6 wt% surfactant and 15 wt% of sunflower oil (Crisco, purchased from retail supermarkets) with the balance purified water (Millipore, MilliQ system). Three surfactants were trialed both individually and in combination; Tween 80, Span 80 and sodium dodecyl sulfate (SDS) (all from Sigma Aldrich). In some experiments, polyethylene glycol(PEG) of Molecular Weight 6000
(Chem Supply) and fresh canola oil (Crisco, purchased from retail supermarkets) was also used.
All emulsions were pre-emulsified in a 250 mL beaker using an Ultra-Turrax mixer chamber that could readily be pressurized. Argon (BOC Gases) was used to provide an overpressure to the system. The power density (Pv) delivered to the solution using each of these configurations was determined by the standard calorimetric method [31] . Results are presented in Figure 2 .
As a comparison, emulsions were also prepared using a Microfluidics M-110Y microfluidizer (MFIC Corporation, Newton, MA, USA) with a F20 Y 75 μm interaction chamber and H30 Z 200 μm auxiliary chamber inline. Emulsions were prepared by subjecting pre-emulsions to 5 passes at 1000 ± 50 Bar. Pre-emulsions were prepared using a Silverson rotor-stator mixer on its lowest speed setting for 2 minutes and had a average particle size D3,2 of 7.2 ± 0.038 μm in a mono-modal distribution. A cooling coil was used on the microfluidizer which meant that the emulsions decreased from ~ 20 o C to 10 o C over the course of their preparation.
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A Zetasizer Nano (Malvern Instruments) was used to analyze the particle size distribution of the finer emulsions formed. This device performs size measurements by Dynamic Light Scattering (DLS), which measures the Brownian motion of the particles and relates this to the particle size, on the premise that larger particles have slower motion.
Calculations are based on the Stokes-Einstein Equation:
where dH is the hydrodynamic diameter, D is the translational diffusion coefficient,  = Boltzmann's Constant, T is the absolute temperature and η is the viscosity. A refractive index of 1.456 and absorbance of 0.01 was used. Sufficient dilution of the emulsions was required to reduce the effect of multiple scattering on the measurements. This was achieved by dilution of 100 µL of the emulsion sample to approximately 13 to 20 mL of solution, or until a laser light attenuation of between 8 and 10 was achieved. To limit the effect of thermal energy on the measurements, 3 repeat measurements were performed to allow for thermal equilibration, with the final set being used for analysis. Emulsion particle sizes are quoted as the intensity average diameter. For the coarser emulsions of particle size greater than 150 nm, the size was measured with laser light scattering using a
Mastersizer 2000 (Malvern, Worcestershire, United Kingdom). Information about emulsion particle size was then obtained via a best fit between light scattering (Mie) theory and the measured light scattering pattern. Emulsion particle size results are an average of three measurements of two freshly prepared emulsions.
HPLC analysis was conduced on a Shimadzu LC 20 system, and conducted on a PVAsilica column (250 X 4.5 mm I.D., S5 μm, 12 nm) using an Evaporative Light Scattering Detector (ELSD) and detection at 210 nm followed by 220 nm. Samples were eluted from the column using a tertiary gradient of 1% isopropanol in hexane, dichloromethane and methanol at a flow rate of 0.9 ml min -1 . Before HPLC analysis, emulsions were deemulsified by freeze drying and the oil/surfactant mixture that was obtained was then dissolved in a 1:1 mixture of petroleum ether:diethylether. 1 ml of this sample was analysis by HPLC for triglyceride content and for the presence of monoglycerides, diglycerides and free fatty acids. The different peaks of triglyceride digestion were identified by running known standards, fatty acids -oleic acid, diglycerides -diolein and monoglycerides -monoolein which were obtained from Sigma-Aldrich as chromatography standard purity.
Results and Discussion

Surfactant System Optimisation
The resistance of an emulsion droplet to deformation is governed by the magnitude of its Laplace pressure, which is controlled by the interfacial tension of the surfactant. It has been known for many decades that co-surfactants and surfactant mixing can significantly change the interfacial tension of oil-water mixtures as a result of surfactant synergy [32] .
In the present work we examined if the addition of a co-surfactant (Span 80) altered the particle size of emulsions primarily stabilized by Tween 80 (Figure 3 ). These surfactants were selected for study for two reasons i) the known surfactant synergy between them
[33] and 2) because they are food safe, cheap and generally available. These experiments used 40mL samples sonicated for 10 minute durations in the sealed atmospheric chamber (Figure 1d ). [33] . Incorporating increasing amounts of Span 80
into the emulsion interface increases surfactant packing and optimizes the preferential interfacial curvature which results in a reduced interfacial tension . However, incorporation of too much Span 80 makes the surfactant system too hydrophobic and less able to stabilise oil in water emulsions [33] .
More dramatic improvements in average droplet sizes were achieved by reducing the amount of oil in the sample (see Figure 4) . Oil weight fractions of 7.5wt% and below resulted in translucent emulsions, with an optimum oil weight fraction of 2.5wt% generating the smallest particle size, at around 40 nm. However at such low oil concentrations there is actually four times as much surfactant present as oil and such a high surfactant loading may not always be desired. Higher production costs would also be likely, since higher throughput is necessary to incorporate larger amounts of oil into the required product.
Parallel work using a microfluidizer indicated that a different combination of surfactants might produce better results. Figure 5 shows an example of this system, the addition of increasing amounts of polyethylene glycol (Mw ~ 6000 Da) to a 15 vol% triglyceride emulsion stabilized by 5.6 wt % sodium dodecylsulphate(SDS). The addition of polyethylene glycol to the SDS stabilized emulsion causes a steady decrease in emulsion size up to about 15 wt%. The origin of the particle size reduction is two fold [7] . Firstly the addition of polyethylene glycol to the aqueous phase reduces the difference in viscosity of the two phases. Reducing the differential viscosity (ηD/ηC) leads to a lowering of the critical Weber number and droplet break-up occurs more readily.
Secondly SDS is know to interact with polyethylene glycol via an ion-dipole interaction [34] . Recent work by Wooster et al [7] has shown that this interaction creates a synergy between the SDS and the PEG that further aids droplet deformation, possibly by lowering interfacial tension and/or increasing the Gibbs elasticity. Again, the minimum droplet size achieved is a remarkably small 40 nm.
As shown in Figure 6 , this combination of surfactants also produced excellent results when utilized with ultrasound, with a particle size again of around 40 nm after 20 minutes of processing in the glass cell. The emulsions formed had low polydispersity (see Figure   7 ) and could be stored at room temperature for many weeks, without significant changes in their appearance. The earlier work of Wooster et al. [7] examined the Ostwald ripening of these systems in detail and demonstrated that the insolubility of triglyceride oils in water provides a kinetic barrier to Ostwald ripening. Unfortunately, while this surfactant system provides optimum droplet sizes at relatively high oil concentrations, it is not a food safe system and so could not be used in food applications.
Equipment Optimisation
In order to vary the shear intensity of the system, we examined a number of equipment geometries (Figure 1 ). In the first instance, we trialed pumping the emulsion mixture through a continuous flow-through horn specifically designed for emulsion manufacture (see Figure 1b) . However, the low shear intensity and low residence times for which the fluid remained inside the horn depleted any advantage this may have had in sonicating the sample. The sonication appeared to have in fact, little impact upon the prehomogenized samples, as the bulk of the emulsion mixtures were distributed in the 10µm range.
A second mode of operation was investigated using this horn, that being a reverse vortexing action where the tip of the horn was submerged into the emulsion reservoir (see Figure 1c ). This mode of operation was essentially a batch type operation, with additional circulation of emulsion up through the horn tip. The circulation was achieved by the sonication process creating a pressure difference between the inside of the horn and the tip of the horn that dragged fluid upwards into the hollow core and back out the side outlets. Emulsions produced via this mode of operation were significantly improved compared with the method where emulsion was fed via a pump. The circulation of fluid in this mode was slower than that of pumping, enabling a longer residence time; and shear intensity was increased as both the central and external surfaces of the horn were in 14 contact with the emulsion. Particle sizes down to approximately 150 nm could be achieved with the Tween/Span system, whilst sizes down to 50 nm were produced with an SDS/PEG system ( Figure 6 ). These sizes were still slightly larger than could be achieved with a standard horn in a glass cell. Calorimetric calibration (Figure 2 ) indicated that at the 50% output used in these experiments the standard horn provided Pv=0.9 W/ml while the flow-through horn delivered only Pv = 0.6 W/ml. Thus this arrangement was less efficient at delivering power to the system.
We also trialed batch emulsification using a more compact cell design, referred to by the manufacturer as a sealed chamber arrangement (Figure 1d ). This featured a very narrow space between the horn tip and the vessel wall. The sample size was also smaller (15 ml in the sealed chamber versus 40 ml in the glass cell) so the power density applied was much greater (2.3 W/ml). Results in the case of using SDS/PEG in this arrangement were impressive with droplet sizes of 55 nm being achieved after very short residence times (less than 5 minutes) (see Figure 6 ). However, while the emulsification time could be shortened the ultimate droplet size that could be achieved was still independent of the equipment arrangement at around 40 nm. This is the same size that was achieved using a microfluidizer and may represent the absolute limit of size for these nanoemulsions.
A final approach involved a slightly different cell arrangement that could be pressurized (Figure 1e ). In this case, increasing the overpressure clearly increased the power delivered to the emulsion ( Figure 2 ). As can be seen in Figure 8 , the overpressure also has a significant effect on the average particle size after one minute of sonication using 15 SDS-PEG. The application of an overpressure of 300kPa resulted in a significant reduction of particle size to 57 nm at a delivered power level of 2.3 W/ml. This compares favorably with the sealed chamber arrangement which delivered 86 nm after one minute, at an equivalent power density. Overpressures beyond 400 kPa were ineffective, with a lack of audible cavitational noise supporting our conclusion that cavitation had decreased to a minimal level at these higher pressures.
It is useful to present all the results discussed here for the SDS-PEG system in terms of the specific energy delivered to the emulsion (J/ml) as described by Equation 3 . As shown in Figure 9 , the data clearly fits the power law relationship defined in Equation 4 .
The data provides for a value of b=0.37 at atmospheric pressure which is consistent with the value of b=0.4 provided both by Walstra [10] for ultrasonic emulsification and Karbstien and Schubert [15] for rotor-stator mixers. However, the use of overpressure appears to provide a nanoemulsion at a lower energy density than an atmospheric system.
An emulsion of 50 nm droplet size can be prepared using around 160 J/ml if overpressure is applied, whereas around 500 J/ml is required at atmospheric pressure. This result is somewhat surprising; both Sauter et al. [25] and Behrend and Schubert [18] find that the effects of overpressure can be explained entirely in terms of the specific energy input, in which case the two curves should converge. However, Karbstein et al. [15] show similar results to those reported here when back pressure is applied to a high pressure mechanical homogenizer during the production of a rapeseed oil/water emulsion. Interestingly, the value of b=0.66 for overpressure also matches the value provided by Walstra [10] for high pressure homogenization (b=0.6). This suggests some synergy in the use of high pressure for both operations.
Oil Stability
Given the sonication intensity applied to these emulsions we were somewhat concerned that we had perhaps damaged the structure of the triglyceride oil itself. The formation of diglycerides and monoglycerides as a result of triglyceride damage might be expected to facilitate emulsion formation as they have a lower interfacial tension than triglycerides.
To assess if there was damage to the triglyceride, in particular the formation of surface active triglyceride hydrolysis products, analysis by HPLC was conducted. This showed that there was minimal production of free fatty acids, monoglycerides or diglycerides upon sonication. This is consistent with the results of Pandit and Joshi [35] who found that energy input levels of around 1000 J/ml were required for the hydrolysis of fatty oils by cavitation.
Conclusion
It has been demonstrated that ultrasound is a viable method for producing transparent nanoemulsions of triglyceride oils in water with mean particle sizes down to 40 nm. The smallest droplet size that can be achieved is fundamentally a function of the emulsion composition. Thus, 40 nm droplets could be achieved by altering the oil content of a triglyceride/Tween/Span combination or similarly by altering the PEG content in a triglyceride/SDS/PEG system. Achieving this minimum droplet size requires a certain shear intensity, or power density as described by Equation 2. However, provided this is available, the minimum droplet size is independent of equipment configuration, with both ultrasonic systems and a Microfluidiser producing comparable results.
This work has confirmed the results of other authors that show that for shorter residence times, the droplet size of a specific surfactant mixture is controlled by the specific energy input. This specific energy is the simple product of the power delivered to the emulsion and the residence time. However, contrary to prior work, the relationship between this specific energy input and droplet size is different for emulsions produced at atmospheric pressure than those produced with an element of backpressure. The use of backpressure allows droplets of a given size to be formed at slightly lower specific energy levels. 
